The contribution of this paper is putting forward a kind of ion accelerator magnet excitation power supply with bidirectional reduced matrix converter (BRMC) as well as a coordination control strategy with bipolar current space vector modulation strategy, which is utilized to realize bidirectional power flow for a BRMC system to solve problems such as low input power factor, large input current harmonics and no bidirectional energy in the conventional ion accelerator magnet excitation power supply. Meanwhile, a hybrid commutation strategy combining the simplified three-step commutation with zero vector commutation was proposed to solve the commutation problem for a matrix-type first stage in BRMC. The feasibility and effectiveness of the proposed strategy, which can achieve bidirectional energy flow and safer commutation, have been verified by the experimental results.
Introduction
Ion accelerators have been widely used in scientific research, medicine, aerospace, military and other fields. The output power range of accelerator magnet excitation power supplies ranges from several thousand watts to megawatts. Ion accelerator has broad application prospects in engineering physics and medical field, for which the key device is the excitation power supply. The new accelerator proposes higher criteria requirement for excitation power such as energy bidirectional flow, energy saving characteristics, sinusoidal input current, unit power factor and grid green pollution-free. Therefore, it is imperative to find a "green" and energy-saving excitation power supply with high regulation accuracy and fast dynamic response in order to solve the above-mentioned problems.
The conventional topology used for this excitation power supplies are mainly Buck DC chopper converter, H bridge DC chopper topology, multi pulse rectifier and so on [1] [2] [3] [4] . However, conventional ion accelerator magnet excitation power supplies have some disadvantages. These include low power factor, large harmonic pollution and the energy not being able tobe recovered [5, 6] . At the same time, this kind of accelerator requires that the power supply have the function of energy feedback which can reclaim excess energy in the magnet to the grid. Then a "green" power supply with high power factor, sinusoidal input current and the function of energy feedback to overcome these aforementioned problems is necessary.
Reference [7] proposed a dipole magnet power supply which can convert AC into DC based on phase-controlled rectifier with thyristor-technology. However, the problems of low power factor, large volume and low energy conversion efficiency still exist. Reference [8] proposed a multilevel voltage type rectifier + half bridge inverter + voltage doublers rectifier topology with great improvements on grid side performance, but this topology also has the disadvantages of more converter stages with low efficiency and complex close-loop control. In addition, these conventional excitation power supplies cannot realize bidirectional power flow. BRMC evolving from matrix converter (MC) is a new-type power electronic converters topology. Reference [9, 10] indicated that Reduced Matrix Converter (RMC) system had excellent input and output performance involving unit power factor and sinusoidal input current; and it can achieve less conversion stage and higher power density. Therefore, the BRMC system is used as the magnet excitation power supply for ion accelerator in this paper. Meanwhile the paper also proposes a coordination control strategy with bipolar current space vector modulation strategy to realize bidirectional power flow without complex close-loop control and extra hardware circuits.
It is known that commutation should be achieved without causing short circuits for the input phases and open circuits for the inductive load current, which will cause over current and voltage to destroy the devices in a matrix-type matrix. Reference [11] proposed a four-step commutation method based on the direction of output current. However, this method will cause the problem of commutation failure and short circuits when the direction information of small currents is wrongly judged. Reference [12] proposed a four-step commutation method based on input voltage of relative size, however, the disadvantages of this method are that the requirement of the voltage detection device is high, temperature drift and zero drift of the detection device can easily cause judgment mistakes, and a short-circuit would occur if there is a voltage reversal during the commutation. There are also other commutation strategies as presented in papers such as references [13, 14] . But this paper puts forward a new hybrid commutation strategy combining simplified three-step commutation with zero vector commutation to solve an important problem for the reliable and safe operation of BRMC.
The contribution of this paper is the proposition of a BRMC excitation power topology with bidirectional energy flow and its coordinated control method according to the requirement of the accelerator performance and the variation law of the exciting current. Meanwhile, in order to improve the reliability of BRMC, a more appropriate hybrid commutation strategy combining simplified three-step commutation with zero vector commutation is proposed according to the characteristics of BRMC modulation strategy and the actual situation of the load. Finally, an experimental prototype based on DSP + CPLD was built to verify the effectiveness of the proposed methods.
This article is divided into 7 parts as follows: Section 1 gives a general account of the research background and problems that need to be solved. This paper outlines the improvements it makes on the basis of existing theories. Section 2 compares the proposed topology with the existing ones. Meanwhile, it highlights the advantages of BRMC, which is more suitable for ion accelerator power supplies. Section 3 introduces the coordinated modulation strategy presented in detail in this paper. It includes the B-C-SVM for the front stage and the coordination strategy of the latter stage to achieve bidirectional energy flow. Section 4 introduces the new hybrid commutation proposed in this paper. Sections 5 and 6 are to verify the effectiveness of the methods proposed in this paper and the experimental waveforms strongly proved their correctness. Section 7 is the conclusion of this paper.
Topology of BRMC
There are two kinds of AC/DC converter topologies which can meet the aforementioned requirements for ion accelerator magnet excitation power supplies. One is the conventional converter consisting of PWM Rectifier Bridge + Dual Active Bridge (PRB-DAB) as shown in Figure 1a . Its schematic Comparing the two topologies, it can be found that BRMC leaves out the intermediate full bridge inverter with energy storage capacitor. Moreover, BRMC has lots of advantages such as high efficiency and power density, electrical isolation, low cost and voltage regulation using a highfrequency transformer with small volume and low cost. Some results of the comparative evaluation of these two topologies are compiled in Table 1 . Comparing the two topologies, it can be found that BRMC leaves out the intermediate full bridge inverter with energy storage capacitor. Moreover, BRMC has lots of advantages such as high efficiency and power density, electrical isolation, low cost and voltage regulation using a highfrequency transformer with small volume and low cost. Some results of the comparative evaluation of these two topologies are compiled in Table 1 . Comparing the two topologies, it can be found that BRMC leaves out the intermediate full bridge inverter with energy storage capacitor. Moreover, BRMC has lots of advantages such as high efficiency and power density, electrical isolation, low cost and voltage regulation using a high-frequency transformer with small volume and low cost. Some results of the comparative evaluation of these two topologies are compiled in Table 1 . 
Coordinated Control Strategy for BRMC
The BRMC coordinated control strategy is designed to meet the performance requirement of ion accelerator magnet citation power supplies. The strategy of the BRMC rectifier stage adopts bipolar current space vector modulation (B-C-SVM), and its function is to convert three-phase alternating current into a symmetrical and periodic square wave [15] . The latter controlled rectifier bridge should be synchronized with the BRMC rectifier stage to achieve bidirectional power flow.
B-C-SVM for the BRMC Rectifier Stage
Sector division of B-C-SVM is shown in Figure 3 . The input voltages are divided into 6 sectors. In each sector, the mode of the phase with maximum amplitude is a constant, and the other two phases are modulated. In a conventional current source converter, two adjacent active vectors and one zero vector are enough to generate the desired output current. But for BRMC, it is necessary to generate not only the desired three phase input current but also the desired output square wave current. In consequence, at least five vectors are needed: two adjacent vectors to generate the positive part of I out ; two opposite vectors to generate the negative part of I out and a zero vector to complete the array [16, 17] . Take 
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B-C-SVM for the BRMC Rectifier Stage
Sector division of B-C-SVM is shown in Figure 3 . The input voltages are divided into 6 sectors. In each sector, the mode of the phase with maximum amplitude is a constant, and the other two phases are modulated. In a conventional current source converter, two adjacent active vectors and one zero vector are enough to generate the desired output current. But for BRMC, it is necessary to generate not only the desired three phase input current but also the desired output square wave current. In consequence, at least five vectors are needed: two adjacent vectors to generate the positive part of Iout; two opposite vectors to generate the negative part of Iout and a zero vector to complete the array [16, 17] . Take the first sector as an example. Active vectors Iab, Iac and zero vector Iaa composite vector Iref in the first half switching period; Active vectors Iba, Ica and zero vector Iaa composite vector −Iref in another first half period of switching period. The vector diagram is shown in Figure 4 . Vector Iref and −Iref have the same amplitude, but opposite direction and actuation duration (half the switching period). Suppose the three-phase input voltages are as follows:
cos( 2 3) Suppose the three-phase input voltages are as follows:
where U i is the phase voltage of grid side and ω i is the angular frequency of phase voltage.
In order to get unit power factor on grid side, the phase current of grid side can be expressed as:
where I in is the phase current amplitude on grid side. The reference current is composed by vectors (I ab, I ac and I aa ) in first sector at the positive half period of the current. According to the rule of space vector synthesis shown in Figure 4 , the action time of each vector can be derived as follows:
Therefore, the duty cycle of each vector can be derived as:
where m s is the modulation index and θ in is the angle of the oriented current vector.
In order to obtain the unity power factor and considering that the phase error between the three-phase reference input current and the three-phase voltage is zero; θ in can be obtained in the first sector as:
It can be obtained from Equation (5) to (4) that:
In order to facilitate calculation, the three-phase reference input phase current is defined as:
According to Equations (6)- (8), the duty cycle of the first sector can be calculated as: The duty cycle formulas of the other 5 sectors are shown in Table 2 . The output voltage in BRMC is the current in the high frequency transformer. In this case, the polarity of the adjacent vectors is changed to achieve square waveform. The effect brought by the alternation of this switching signal is compensated by the full bridge. Figure 5 shows the operating modes of BRMC rectifier stage when the active vectors work in the first sector. As aforementioned, one period is split into two equal periods. The primary voltage of the transformer is positive when S ap is normally turned on and is negative when S an is normally turned on in the first sector. In the positive half period, the primary voltage of transformer is U ab as shown in Figure 6 , when the current operating mode is U ab as shown in Figure 5a . Similarly, the next primary voltages of transformer are U ac and U aa , respectively. And they correspond to mode of U ac and mode of U aa in Figure 5 , respectively. There is the same form of the primary transformer voltage when the switch S an normally turned on in the negative half period. The primary transformer voltages U ba , U ca and U aa in Figure 6 correspond to the mode in Figure 5d -f, respectively. 
CoordinationStrategy of Controlled Rectifier Bridge
Considering of the particularity of BRMC topology and the bidirectional power flow of the magnet load, the control signals of the controlled rectifier bridge are different in the energy forward switch San normally turned on in the negative half period. The primary transformer voltages U ba , U ca and U aa in Figure 6 correspond to the mode in Figure 5d -f, respectively. 
Considering of the particularity of BRMC topology and the bidirectional power flow of the magnet load, the control signals of the controlled rectifier bridge are different in the energy forward As shown in Figure 8a , the input voltage and current present unit power factor and the output voltage and current are both positive. The system works in energy forward mode. As shown in Figure 8a , the input voltage and current present unit power factor and the output voltage and current are both positive. The system works in energy forward mode. 
Energy Feedback Mode
The symmetrical and periodic square wave signal of the BRMC first stage output is shown in Figure 5 . The drive signals of the second stage of BRMC need to be coordinated with the output voltage signal of the first stage to realize the energy feedback function in feedback mode. Figure 7 shows the three-phase voltage in the first sector, switching state of the BRMC rectifier stage, primary voltage of transformer U PN , primary current of transformer I PN , drive signals of IGBT S 1 and S 4 , drive signals of IGBT S 2 and S 3 , output voltage U 0 and output current I 0 respectively. In energy feedback mode, the drive signals of the BRMC rectifier stage are the same as those in energy forward transmission mode. When the switching signal is turned on, switch tubes S 1 and S 4 turn on, and switch S 2 and S 3 turn off when the switching signal is turned off. Thus, the voltage and current of the primary side of the transformer are reversed, the output voltage is positive, the output current is negative, and the energy feedback is realized. As shown in Figure 8b , the input voltage and current present the opposite phase and the output voltage and current are positive and negative, respectively. The system is in energy feedback mode. The specific conduction rule of the switches is shown in Table 3 . The aforementioned control of switches (S 1 , S 2 , S 3 and S 4 ) is only related to the polarity of transformer primary voltage. As shown in Figure 6a , the positive transformer primary voltage is U ab in energy forward transmission mode. Also, the current flows through the parallel diode of this switch for the controlled rectifier bridge.
So, S 1 and S 4 are opened as shown in Figure 6 when the system is in energy feedback mode. Current flows through the IGBT of the second stage of BRMC. Similarly, the negative transformer primary voltage is U ba shown in Figure 5d in energy forward transmission mode and S 2 and S 3 are opened in energy feedback mode. Figure 9 shows two new operating modes under different transformer primary voltage operating conditions. 
Comparison between the Proposed Method and the Other Methods
Reference [18] presented a bidirectional power flow control method based on two loops mode switching according to different duty cycle ratio for an interleaved three-level bi-directional DC-DC converter for an application in the energy storage system, but the regulator parameters of two loops must be the same to ensure smoothly switching of power flow direction, which is at the cost of performance. Reference [19] presented a voltage and current regulation control method with a twomode conversion for a bi-directional power flow solution in energy storage system fed by isolated AC-DC matrix converter, this bi-directional power flow function is realized by using a mode conversion between a set-current and DC-link voltage control based on a complex closed loop system. The coordination control is adopted in this paper for BRMC to make the energy flow in both directions as shown in Figure 10 , which can be flexible switching between two modes according to the magnetic field energy requirements of the ion accelerator. It not only ensures the normal operation of the accelerator, but also ensures that the input current harmonic is still small, which meets the requirements of the power grid. Furthermore, the proposed method can realize bidirectional power flow to save energy without sacrificing performance or adding complex closeloop control compared with reference [18, 19] . Moreover, this strategy is simple to implement, and is more reliable in practical application. 
Reference [18] presented a bidirectional power flow control method based on two loops mode switching according to different duty cycle ratio for an interleaved three-level bi-directional DC-DC converter for an application in the energy storage system, but the regulator parameters of two loops must be the same to ensure smoothly switching of power flow direction, which is at the cost of performance. Reference [19] presented a voltage and current regulation control method with a two-mode conversion for a bi-directional power flow solution in energy storage system fed by isolated AC-DC matrix converter, this bi-directional power flow function is realized by using a mode conversion between a set-current and DC-link voltage control based on a complex closed loop system. The coordination control is adopted in this paper for BRMC to make the energy flow in both directions as shown in Figure 10 , which can be flexible switching between two modes according to the magnetic field energy requirements of the ion accelerator. It not only ensures the normal operation of the accelerator, but also ensures that the input current harmonic is still small, which meets the requirements of the power grid. Furthermore, the proposed method can realize bidirectional power flow to save energy without sacrificing performance or adding complex close-loop control compared with reference [18, 19] . Moreover, this strategy is simple to implement, and is more reliable in practical application. 
Hybrid Commutation Strategy of BRMC
Since BRMC is evolved on the basis of the conventional matrix converter (MC), both of them follow the same commutation constraints, that is, the load cannot be in an open circuit due to its inductive nature and input phase cannot be in a short circuit. According to the B-C-SVM above, the commutation problem and the exchange of positive and negative current vector can both cause voltage spike. Such as, one of the key technologies of BRMC is to ensure the safe commutation for bidirectional switches to realize the stability of input and output as the output of the BRMC rectifier stage is high frequency AC symmetrical pulse and the current direction switch is very fast. Aiming at BRMC commutation problems, the four-step commutation strategy of voltage and current is also analyzed and improved. Then a hybrid commutation strategy combining three-step commutation with zero vectors is proposed.
The BRMC topology adopts B-C-SVM strategy, and the positive and negative direction of the primary side current of the transformer can be obtained by the current polarity switching signal, so the current direction doesn't need to be detected. Compared with the current four-step commutation, it avoids the risk of small current detection failure, ensures the safety of the commutation process, and improves the reliable operation of BRMC. Considering that the turn-off time of the IGBT is much longer than the turn-on time in practice, the two steps of the four-step commutation can be merged into one step, which will reduce the time interval of the commutation and form a three-step commutation. Suppose that the Sap is normally turn-on, the current is switched from B to C, and the commutation process is shown in Figure 11 . Where as shown in Figure 12 , Sbn+ represents the lower switch of the B bridge arm bidirectional switch Sbn and Sbn− represents the upper switch of the B bridge arm bidirectional switch Sbn. 
The BRMC topology adopts B-C-SVM strategy, and the positive and negative direction of the primary side current of the transformer can be obtained by the current polarity switching signal, so the current direction doesn't need to be detected. Compared with the current four-step commutation, it avoids the risk of small current detection failure, ensures the safety of the commutation process, and improves the reliable operation of BRMC. Considering that the turn-off time of the IGBT is much longer than the turn-on time in practice, the two steps of the four-step commutation can be merged into one step, which will reduce the time interval of the commutation and form a three-step commutation. Suppose that the S ap is normally turn-on, the current is switched from B to C, and the commutation process is shown in Figure 11 . Where as shown in Figure 12 , S bn+ represents the lower switch of the B bridge arm bidirectional switch S bn and S bn− represents the upper switch of the B bridge arm bidirectional switch S bn . With the above-mentioned commutation logic relation between the two phases, the commutation processes of each phase can be deduced as in Figure 13 . In each switching period, there is one normally opened switch with three switches usa, usb and usc opened in turn at the contrary bridge arm. The 6 bits shown in Figure 12 represent three sequential switch tubes. For example, when Sap normally turns on, 6 bits represent the switch state of San, Sbn and Scn. Its order is San+-San−-Sbn+-Sbn−-Scn+-Scn−. 1 represents that the corresponding bidirectional switch is turn on, and 0 represents the turn off. Take the first sector in positive process as an example, Sap+and Sap−are always turn-on. The 6-digit number represents the switching state of San+-San−-Sbn+-Sbn−-Scn+-Scn− in turn. It means that San+ and Sanare turned-on and others are turned-off. Similarly, 00-11-00 represents that Sbn+ and Sbn− are turnedon and others are turned-off. So the process of usa converting to usb is divided into three step. The first step is closing the San− drive. The second step is opening the Sbn+ drive and closing San+ drive. The third step is opening the Sbn− drive. The whole process is from 110000 to 100000, then to 001000, and finally to 001100. With the above-mentioned commutation logic relation between the two phases, the commutation processes of each phase can be deduced as in Figure 13 . In each switching period, there is one normally opened switch with three switches usa, usb and usc opened in turn at the contrary bridge arm. The 6 bits shown in Figure 12 represent three sequential switch tubes. For example, when Sap normally turns on, 6 bits represent the switch state of San, Sbn and Scn. Its order is San+-San−-Sbn+-Sbn−-Scn+-Scn−. 1 represents that the corresponding bidirectional switch is turn on, and 0 represents the turn off. Take the first sector in positive process as an example, Sap+and Sap−are always turn-on. The 6-digit number represents the switching state of San+-San−-Sbn+-Sbn−-Scn+-Scn− in turn. It means that San+ and Sanare turned-on and others are turned-off. Similarly, 00-11-00 represents that Sbn+ and Sbn− are turnedon and others are turned-off. So the process of usa converting to usb is divided into three step. The first step is closing the San− drive. The second step is opening the Sbn+ drive and closing San+ drive. The third step is opening the Sbn− drive. The whole process is from 110000 to 100000, then to 001000, and finally to 001100. With the above-mentioned commutation logic relation between the two phases, the commutation processes of each phase can be deduced as in Figure 13 . In each switching period, there is one normally opened switch with three switches u sa, u sb and u sc opened in turn at the contrary bridge arm. The 6 bits shown in Figure 12 represent three sequential switch tubes. For example, when S ap normally turns on, 6 bits represent the switch state of S an , S bn and S cn . Its order is S an+ -S an− -S bn+ -S bn− -S cn+ -S cn− . 1 represents that the corresponding bidirectional switch is turn on, and 0 represents the turn off. Take the first sector in positive process as an example, S ap+ and S ap− are always turn-on. The 6-digit number represents the switching state of S an+ -S an− -S bn+ -S bn− -S cn+ -S cn− in turn. It means that S an+ and S an-are turned-on and others are turned-off. Similarly, 00-11-00 represents that S bn+ and S bn− are turned-on and others are turned-off. So the process of u sa converting to u sb is divided into three step. The first step is closing the S an− drive. The second step is opening the S bn+ drive and closing S an+ drive. The third step is opening the S bn− drive. The whole process is from 110000 to 100000, then to 001000, and finally to 001100.
There are two types of transformer primary voltage spikes. One is "big spike" caused by currents switching from one bridge arm to another bridge arm in the same pole vector. The other is "small spike" caused by current switching from positive to negative in one cycle. The three-step commutation can guarantee commutation safety of the same pole vector. But it has nothing to do with the big spike. The current has a large amount of changes from positive to negative. Therefore, in this paper, the zero vector commutation is proposed to ensure the safety commutation at current switch-over point between positive and negative currents.
As shown in Figure 14a , the big spike of the transformer primary voltage exists when the transformer primary current doesn't reduce to zero in the positive and negative switch-overas the zero vectors is too small in a cycle. In the respect of the big spike, this paper put forward a commutation method of increasing the action time of zero vectors. As shown in Figure 14b , the transformer primary current reduces to zero at the positive and negative switch-over point because of the longer action time of zero vectors. Thus, the current variation will be reduced at the positive and negative switch-over point. So, the larger the duty ratio of zero vectors is, the smaller the change of current is, and the minimum the voltage spike is. There are two types of transformer primary voltage spikes. One is "big spike" caused by currents switching from one bridge arm to another bridge arm in the same pole vector. The other is "small spike" caused by current switching from positive to negative in one cycle. The three-step commutation can guarantee commutation safety of the same pole vector. But it has nothing to do with the big spike. The current has a large amount of changes from positive to negative. Therefore, in this paper, the zero vector commutation is proposed to ensure the safety commutation at current switch-over point between positive and negative currents.
As shown in Figure 14a , the big spike of the transformer primary voltage exists when the transformer primary current doesn't reduce to zero in the positive and negative switch-overas the zero vectors is too small in a cycle. In the respect of the big spike, this paper put forward a commutation method of increasing the action time of zero vectors. As shown in Figure 14b , the transformer primary current reduces to zero at the positive and negative switch-over point because of the longer action time of zero vectors. Thus, the current variation will be reduced at the positive and negative switch-over point. So, the larger the duty ratio of zero vectors is, the smaller the change of current is, and the minimum the voltage spike is. The comparison between the hybrid commutation method and the other methods mentioned in literatures are carried out. Reference [20] introduced a two-step commutation method based on field-programmable gate array in which the output current direction was needed. However, the measurement and implementation hardware are complex and expensive. Reference [21] proposed an improved four-step commutation method based on the traditional four-step commutation. It simplifies the first and fourth steps and raises the effective working time of matrix converter, but a four-step commutation board is needed. Therefore, a hybrid commutation method combining three-step commutation with zero vector commutation is proposed in this paper. Among them, the three-step commutation guarantees commutation safety for the same pole vector while the zero vector commutation guarantees commutation safety for the positive and negative switch-over point. As for the particularity of BRMC, the existence of positive and negative switching signals saves the measurement of output current. Meanwhile, compared with the four-step commutation, the commutation introduced in this paper reduces commutation time. Finally, on the premise of safe commutation with the same polarity, a zero vector commutation is proposed to reduce the voltage spike at the positive and negative switching points. Thus, this hybrid commutation scheme combining three-step commutation with zero vectors is used to ensure safe commutation.
Implementation and Prototype of BRMC System
To verify the feasibility of the proposed strategy, a simulation was performed based using the MATLAB/Simulink environment, a BRMC experimental prototype was built as shown in Figure 15 and the block diagram of this experimental system is shown in Figure 16 . measurement and implementation hardware are complex and expensive. Reference [21] proposed an improved four-step commutation method based on the traditional four-step commutation. It simplifies the first and fourth steps and raises the effective working time of matrix converter, but a four-step commutation board is needed. Therefore, a hybrid commutation method combining threestep commutation with zero vector commutation is proposed in this paper. Among them, the threestep commutation guarantees commutation safety for the same pole vector while the zero vector commutation guarantees commutation safety for the positive and negative switch-over point. As for the particularity of BRMC, the existence of positive and negative switching signals saves the measurement of output current. Meanwhile, compared with the four-step commutation, the commutation introduced in this paper reduces commutation time. Finally, on the premise of safe commutation with the same polarity, a zero vector commutation is proposed to reduce the voltage spike at the positive and negative switching points. Thus, this hybrid commutation scheme combining three-step commutation with zero vectors is used to ensure safe commutation.
To verify the feasibility of the proposed strategy, a simulation was performed based using the MATLAB/Simulink environment, a BRMC experimental prototype was built as shown in Figure 15 and the block diagram of this experimental system is shown in Figure 16 . 
Simulation and Experimental Verification
The simulation and experimental parameters are shown in Table 4 . 
Validation of the New Commutation Strategy
The interval time for each step commutation is set to 2 us according to the data manual of the used IGBT SK60GM123. The three-step commutation algorithm is the main commutation strategy, and the simulation and experimental results and analyses are shown as follows. Figures 17 and 18 show the simulation and experimental driving waveforms of the four-step commutation and the three-step commutation when Sbn switches to Scn in the positive half period. The experimental results are in agreement with the simulation results, therefore it can be found that the commutation interval is 2 us and the three-step commutation saves more time than the four-step commutation. Three-step commutation is used in the following simulation and experiments. 
Simulation and Experimental Verification
Validation of the New Commutation Strategy
The interval time for each step commutation is set to 2 us according to the data manual of the used IGBT SK60GM123. The three-step commutation algorithm is the main commutation strategy, and the simulation and experimental results and analyses are shown as follows. Figures 17 and 18 show the simulation and experimental driving waveforms of the four-step commutation and the three-step commutation when S bn switches to S cn in the positive half period. The experimental results are in agreement with the simulation results, therefore it can be found that the commutation interval is 2 us and the three-step commutation saves more time than the four-step commutation. Three-step commutation is used in the following simulation and experiments. Figures 19 and 20 show the simulation and experimental waveforms of the output voltage, current, primary voltage and current of the transformer. Comparing Figures 19 and 20 with Figures 19 and 20 , the results show that the big spike still exists and small spikes are eliminated as a result of vectors switching after using the three-step commutation. This proves that the three-step commutation can eliminate the small spike of the vector switchover.
At the positive and negative switching point, the current changes greatly, and the multi-step commutation algorithm cannot completely eliminate the voltage spike since the three-step commutation algorithm is semi-forced commutation. In order to eliminate this big spike by using the zero vectors commutation, the operating time of zero vector at positive and negative switch-over point is increased. It is the three-step commutation with zero vector mixed commutation strategy that first reduces the primary current of the transformer to zero and then uses three-step commutation. Figures 21 and 22 show the simulation and experimental waveform contrast before and after changing the action time of zero vectors. It can be found in Figures 21 and 22 Figures  19a and 20a , the results show that the big spike still exists and small spikes are eliminated as a result of vectors switching after using the three-step commutation. This proves that the three-step commutation can eliminate the small spike of the vector switchover. Figures  19a and 20a , the results show that the big spike still exists and small spikes are eliminated as a result of vectors switching after using the three-step commutation. This proves that the three-step commutation can eliminate the small spike of the vector switchover. At the positive and negative switching point, the current changes greatly, and the multi-step commutation algorithm cannot completely eliminate the voltage spike since the three-step commutation algorithm is semi-forced commutation. In order to eliminate this big spike by using the zero vectors commutation, the operating time of zero vector at positive and negative switch-over point is increased. It is the three-step commutation with zero vector mixed commutation strategy that first reduces the primary current of the transformer to zero and then uses three-step commutation. Figures 21 and 22 show the simulation and experimental waveform contrast before and after changing the action time of zero vectors. It can be found in Figures 21b and 22b that the primary current of transformer has reduced to 0 relative to small action time of the zero vector shown in Figures 21a and 22a when increasing action time of the zero vector. The safe commutation is realized when the positive and negative switching has no big spike. 
t(s) t(s)
(a) (b) Figure 19. Simulation waveform contrast before and after the three-step commutation: (a) Before commutation; (b) After commutation.
Validation of Bidirectional Energy Flow

Energy Forward Mode
Figures 23 and 24 show simulation and experimental waveforms of BRMC in energy forward mode at 5 kHz switching frequency. Seen from Figures 23a and 24a , the input phase current is in phase with input voltage resulting in high power factor. It can be seen from Figures 23b and 24b that the system gets a stable output voltage and current. At the same time, the polarity of voltage and 
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Energy Forward Mode
Figures 23 and 24 show simulation and experimental waveforms of BRMC in energy forward mode at 5 kHz switching frequency. Seen from Figures 23a and 24a , the input phase current is in phase with input voltage resulting in high power factor. It can be seen from Figures 23b and 24b that the system gets a stable output voltage and current. At the same time, the polarity of voltage and current on the primary side of the transformer is consistent. This shows that energy is transmitted from the grid to the load. It's convenient to observe the waveforms, the input current and output Figures 23 and 24 that the system gets a stable output voltage and current. At the same time, the polarity of voltage and current on the primary side of the transformer is consistent. This shows that energy is transmitted from the grid to the load. It's convenient to observe the waveforms, the input current and output current in simulation is magnified 4 and 10 times respectively.
However, Figure 25 shows the harmonic magnitude of the input phase current at different switching frequency separately, obtained using a power analyzer. Figure 25a shows the input phase current THD at 4 kHz switching frequency and is 4.57%, which is higher than the THD at 5 kHz switching frequency. But this THD value is also lower than THD = 5% with the supply-side criterion in my country. The fifth harmonic, the eleventh harmonic, and the thirteenth harmonic of the input phase current are 0.0369, 0.1115, and 0.0630, respectively. Figure 25b shows the input phase current THD at 5 kHz switching frequency and is 3.71%. The fifth harmonic, the eleventh harmonic, and the thirteenth harmonic of the input phase current are 0.0319, 0.0790, and 0.0506, respectively. Figure 26 shows a harmonic comparison using a relative value at different switching frequency. Comparing the fifth harmonic, the eleventh harmonic, and the thirteenth harmonic in the two conditions, it can be seen that the higher switching frequency enables the system to get a lower THD. However, Figure 25 shows the harmonic magnitude of the input phase current at different switching frequency separately, obtained using a power analyzer. Figure 25a shows the input phase current THD at 4 kHz switching frequency and is 4.57%, which is higher than the THD at 5 kHz switching frequency. But this THD value is also lower than THD = 5% with the supply-side criterion However, Figure 25 shows the harmonic magnitude of the input phase current at different switching frequency separately, obtained using a power analyzer. Figure 25a shows the input phase current THD at 4 kHz switching frequency and is 4.57%, which is higher than the THD at 5 kHz switching frequency. But this THD value is also lower than THD = 5% with the supply-side criterion in my country. The fifth harmonic, the eleventh harmonic, and the thirteenth harmonic of the input phase current are 0.0369, 0.1115, and 0.0630, respectively. Figure 25b shows the input phase current Figure 26 shows a harmonic comparison using a relative value at different switching frequency. Comparing the fifth harmonic, the eleventh harmonic, and the thirteenth harmonic in the two conditions, it can be seen that the higher switching frequency enables the system to get a lower THD. 
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Dynamic Experiment
Conclusions
The contribution of this paper is to present a coordination control strategy based on bipolar current space vector modulation strategy and its hybrid commutation strategy for bidirectional reduced matrix-type exciting power supply in ion accelerator system. The expression of duty cycle of the BRMC rectifier stage is deduced and the schematic diagram of coordination control and the switch state table are given. An experimental prototype with DSP + CPLD controller as the control core is designed and built. The experimental results verify the effectiveness and feasibility of the coordinated control strategy and the new commutation strategy. The proposed scheme solves the problems of the large harmonic pollution of the power grid and the challenges recovering the energy of the ion accelerator, furthermore, safer commutation is achieved for industrial application. Thus, it can also be applied to charging piles, elevators and other places where bidirectional energy flow is needed.
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